INTRODUCTION
In hemimetabolous insects such as cockroaches and crickets (and in some holometabola such as beetles and moths) the adult legs are formed by growth of functional larval legs, whereas Drosophila forms adult legs from invaginated imaginal discs which grow inside the legless larva. Many insects will regenerate larval legs after loss or amputation at any level in the leg or even in the surrounding thorax. In general, if amputation occurs before a certain point (the "critical point") in the larval moult cycle, regeneration occurs with a delay in moulting. An amputation after this point is followed by a normal moult and regeneration occurs during the following instar (Bulliere, 1972) .
During regeneration epidermal cells of the stump separate from the overlaying cuticle and migrate to form a continuous layer under the clot of dried haemolymph, and there is dedifferentiation of stump muscle. A period of cell division follows, producing a regenerate folded up beneath the old cuticle of the stump (Penzlin, 1963; Bulliere, 1972) . The epidermis of the regenerate secretes cuticle which usually differs only slightly in pattern from that of the original leg, and the muscles (presumably derived from dedifferentiated stump 1 From the Symposium on Principles and Problems of Pattern Formation in Animals presented at the Annual Meeting of the American Society of Zoologists, 27-30 December 1980, at Seattle, Washington. muscle) differentiate in a pattern which is similar to the original (Penzlin, 1963; Steinbach and Josephson, 1980) . The regenerate which is liberated at the next moult is therefore a fair (but smaller) copy of the structures normally distal to the amputation site. If regeneration occurs from a cut surface which originally faced proximally, the distal structures are still formed even though they are already present in the stump.
It is important to know whether growth occurs very locally from the amputation site, to provide the new tissue in which the new pattern is formed. This mode of pattern regulation, termed epimorphosis by Morgan (1901) , is suggested by detailed comparison of the cuticular structures of the amputated stump and the regenerated leg (Bohn, 1965) . On the other hand, Bulliere (1972) suggests that growth only occurs after a tiny recognisable regenerate has formed by reorganisation of the distal part of the stump. This would be a form of morphallaxis (Morgan, 1901) .
Regeneration could result from the relief of an inhibition normally exerted by the presence of more distal cells. After amputation the epidermal cells of the stump circumference could each generate a file of ever more distal cells, building the regenerate (Bulliere, 1970) . Bohn (19726) showed, however, that this is not the case since a marked sector of the stump circumference could give rise to a variable portion of the regenerate. We have suggested
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FIG. 1. The left metathoracic leg of the cockroach, Blabera craniifer, shown in anterior view (A) and in cross-section at the level of mid femur (B) and mid tibia (C). Co, coxa; Tr, trochanter; Fe, femur; Ti, tibia; Ta, tarsal segments of the leg. A shows five proximal-distal levels (a-e) marked on the tibia; B and C show twelve positions (1 -12) marked around the leg circumference, as well as the anterior (A), posterior (P), lateral (L), and medial (M) faces of the leg. B and C also show the distribution of rows of bristles, spines, light cuticle (positions 5-7 in B) and dark cuticle (positions 12-1 in B) around the leg segments. (Bryant et al., 1981) that it is the interaction of epidermal cells from different positions as they heal together after amputation, which leads to regeneration of the more distal parts of the limb. When epidermal cells from different positions on the insect leg ( Fig. 1 ) are grafted together, there is localised growth at the junction and the intercalary regeneration of intermediate structures.
INTERCALARY REGENERATION Bohn (1970) and Bulliere (1971) grafted together different proximal-distal levels of the tibial segment of the cockroach leg. They found that confrontations of corresponding levels of graft and host resulted in simple healing, while grafting distal tibia onto a proximal level of the host tibia pro-FIG. 2. Proximal-distal intercalary regneration. Interaction between proximal (a) and distal (e) levels of the cockroach tibia leads to local growth and the formation of an intercalary regenerate (R) consisting of the intermediate levels (b, c, d) . The graft and the graft-derived part of the intercalary regenerate are shaded.
voked localised growth and the formation of the intervening mid-tibia ( Fig. 2A) . The resulting tibia approached the normal size and pattern. Grafting proximal tibia onto the distal level of the host again resulted in intercalary regeneration of intermediate levels, but in reversed orientation so that the resulting leg, although very abnormal in size and structure, had no positional discontinuities between adjacent cells (Fig.  2B ).
Cells at different levels appear to have different, rather stable positional values, and new cells which are generated at a discontinuity adopt intermediate values.
Grafting between different legs and different leg segments {e.g., tibia and femur) showed that the sequence of positional values is repeated in each segment of each leg (Bohn, 1970; Bulliere, 1971) . Grafts between differently coloured species (Bohn, 1971) and mutants indicate that the intercalary regenerate is formed from both graft and host. Hence during intercalary regeneration, daughter cells can adopt both more proximal and more distal values.
Intercalary regeneration also occurs when strips of leg epidermis are moved around the circumference and grafted into a different position (French, 1978) . When normally non-adjacent femur cells interact along the graft-host junctions, local growth occurs and the intervening section of circumference is regenerated within the new tissue (Fig. 3A) . This forms an abnormal but continuous pattern which grows with the rest of the leg during succeeding larval instars. If circumferential positional values are assigned as in Figure  IB , intercalation reliably occurs by the shortest route, generating the shorter set of intermediate values (e.g., interaction between cells of value 4 and 8 generates 5, 6, 7, rather than 3, 2, 1, 12, 11, 10, 9) . This rule is obeyed at all positions around the circumference, and confrontation of opposite values (e.g., 4 and 10) can lead to intercalation of either intervening half-circumference. These results indicate that the circumferential sequence of values is continuous, from 11, through 12 to 1.
From detailed examination of the cuticular structures on grafted legs, it seems that circumferential values are stable except during local growth stimulated by a discontinuity. To determine whether there are any restrictions on this change of positional values during circumferential intercalation, I grafted between the femur and tibia, which bear some different cuticular structures. Grafting a strip of tibia to a corresponding position on the femur leads to simple healing, while grafting to a different position provokes local growth along the junctions (French, 1980) . If the tibia is assigned positional values corresponding to those of the femur ( Fig. IB  and C) , then the intercalary regenerate corresponds to the shortest route between graft and host positions (Fig. 3B) . It is composed partly of graft (tibia) and partly of host (femur) structures. If leg segment character is conserved during intercalation, these dual-structure regenerates indicate the extent to which host and graft cells have each changed their values during growth (French, 1980) .
Since the tibia bears few cuticular markers which are reliably formed on intercalated French, 1980) . Taken together, the cockroach intercalary regeneration results indicate that the epidermis of each leg segment has a sequence of positional values running prox-imal-distal and an independent continuous sequence running round the circumference. Interaction between cells with different values leads to local growth, forming cells with the intermediate values . During intercalation cells may change their positional values distally or proximally or in either direction around the circumference, but may not cross restrictions at posterior-medial and posterior-lateral (values 5'/2 and 1 respectively). Regeneration after amputation may depend on successive rounds of intercalary regeneration stimulated by the healing together of cells from different circumferential regions (Bryant et al., 1981) . New cells which are intercalated next to cells with identical positional values are assumed to adopt more distal values, so that a complete circumference will continue to generate rings of more distal cells until regeneration is complete. However, depending on the mode of healing, a symmetrical partial circumference may provoke a few rounds of intercalation (and hence a tapering, distally-incomplete regenerate) before healing over with no discontinuities. In other situations the same processes may give rise to branched or supernumerary legs.
SUPERNUMERARY REGENERATION Naturally-occurring branched or supernumerary legs were first recorded in insects (particularly beetles) by Bateson (1894) . Similar structures were first generated experimentally by Bodenstein (1937) following experiments where the larval legs of moths were amputated, rotated by 180° and replaced on the stump. Since then, similar experiments have been performed on many different insects. After a 90° rotation, the grafted leg de-rotates back into alignment with the stump, suggesting that cells at the junction can change contacts to minimise discrepancies in positional value. A graft rotated by 180°c an de-rotate in either direction, supporting the idea of a continuous sequence of circumferential values. The 180° rotations also frequently provoke regeneration of one symmetrical, distally incomplete supernumerary leg, or two complete supernumeraries (Bohn, 1972a; Bulliere, 1970) . Bart (1971) working with stick insects, also found cases with three supernumeraries.
Two complete supernumerary structures are reliably formed after grafts between left and right legs of cockroaches (Bohn, 1972a; Bulliere, 1970; French, 1976) , stick insects (Bart, 1971) , beetles (Balazuc, 1948; French, unpublished) and crickets. Many of these grafting experiments have been done between legs bearing different cuticular structures (Bart, Bulliere) , or between differently coloured species (Bohn) or mutants (French) . Supernumeraries have been identified as of either pure graft or pure host (Bulliere) , or of dual origin (Bohn, Bart, French) .
The formation of supernumerary legs has been attributed to the isolation of differently orientated graft and host surfaces (Bulliere) , or to the interaction between graft and host cells from opposite faces of the limb (Bart) . We have suggested (French, 1976; French et al., 1976 ) that complete supernumeraries arise from complete sets of circumferential values generated at a junction, just as the circumference at an amputation site forms the base of a normal regenerate. An incomplete supernumerary formed after graft rotation may arise from a symmetrical wound surface resulting from a partial failure of healing, just as an incomplete symmetrical regenerate may form from a symmetrical amputation site (Bryant et al., 1981) .
When a leg is amputated and grafted onto the opposite tibial stump, one of the transverse axes of the graft will be reversed relative to the host. After reversal of, for example, the anterior-posterior (A/ P) axis, the graft heals and a supernumerary set of distal structures of host handedness and orientation is generated from the junction at anterior and posterior positions (Fig. 4A, B) . If supernumeraries regenerate from circumferences formed at the junction, they would be likely to be of dual graft and host origin. A complete circumference could be generated by intercalation at the point of maximum incongruity between graft and host (Fig. 4D) , or from large sectors of the original graft and host circumferences (Fig. 4E) .
I investigated the composition of supernumerary legs in the cricket by grafting between pro-and metathoracic legs, which differ considerably in cuticular structure (Fig. 5A-D) . Control grafts simply heal while A/P reversed grafts generate anterior and posterior supernumeraries which are reliably of dual composition, forming graft (prothoracic) cuticular structures on the graft side and host (metathoracic) structures on the host side (Fig. 5E-G) . The border between graft and host components reliably divides each supernumerary into an anterior and a posterior half but, since markers consist of presence or absence of particular spines and bristles, the exact position of the border cannot be determined. For this reason, I repeated Control interspecies grafts simply heal, usually with a distinct border between the host (light) and graft (dark) cuticle. A/P reversed grafts produce anterior and posterior supernumeraries which, except in cases where the host is unusually darkly pigmented or the supernumeraries are poorly developed, are clearly of dual origin (Fig. 6) . Distinct borders run longitudinally down the supernumerary in constant positions slightly posterior to mid-lateral and mid-medial. These are approximately the positions of the intercala- or the AM/PL axis of the graft to be accurately reversed relative to the stump. After AL/PM axis reversal, supernumerary legs of host handedness and orientation form at AL and PM positions around the junction, and similar supernumeraries form in AM and PL position after reversal of the AM/PL axis (Fig. 7) . The production of typical supernumeraries by grafts which do not correspond to reversal of either of the conventional (A/P or M/L) transverse axes, argues against the significance of the axes and suggests that supernumeraries can indeed form wherever complete bases are generated.
The composition of supernumeraries formed after AL/PM or AM/PL axis reversal is very variable. Supernumeraries can be formed equally by graft and host, or they can be formed largely (or occasionally completely) from either the graft or host. The borders between graft and host components can form in posterior-lateral and posterior-medial positions (as always occurs after A/P axis reversal), but they can also form in a variety of other positions, in which case they may follow an irregular or oblique course down the supernumerary leg. Despite the variability, there is a pattern to the results from a graft combination (as shown for the AM/PL axis reversal in Fig. 7) .
The supernumerary cricket legs formed after contralateral grafts are typically of dual origin, eliminating the idea that they form because of isolation of graft and host surfaces. Strip grafts around the cockroach leg show that intercalary regeneration is subject to lineage restrictions at posterior-lateral and posterior-medial positions. The composition of cricket supernumeraries is fully consistent with these restrictions and indicates the extent to which intercalation is involved in forming their bases. If the supernumeraries formed from the host and graft half-circumferences on each side of the junction (Fig. 4E) , there would be no constant graft/ host borders since both components would span the restriction positions. However, if they formed from a circumference intercalated between graft and host cells at the points of maximum incongruity (Fig. 4D) , graft/host borders would always correspond to the intercalation restrictions, whatever the graft combination (except in rare cases where the site of maximum incongruity spanned a restriction). The constant positions of graft/host borders after A/P axis reversal, and the pattern of variability following the other reversals suggest that the bases of supernumeraries arise, not from graft and host half-circumferences, nor from intercalation at the point of maximum incongruity, but from arcs of around 90° spanning that point.
PATTERN FORMATION, REGENERATION AND LINEAGE
The legs of hemimetabolous insects develop from limb buds which first become visible on the embryonic thoracic segments at germ band stage. Very little is known of the way in which the pattern of positional values is formed, but the bud can regulate to form a complete leg if its distal parts are removed at early stages (Fournier, 1969) . At later stages the bud grows, becomes visibly segmented, secretes embryonic cuticles and is capable of regeneration if amputated (Fournier, 1969; Bulliere et ai, 1969) . Preliminary clonal analysis on the legs of the bug, Oncopeltus, indicates that clones made at or after early embryonic stages will not cross lines running down the legs in approximately lateral and medial positions (Wright, personal communication) . The early development and lineage is much better known, however, in the legs of Drosophila.
The Drosophila leg disc develops from around 20 cells on the blastoderm of the early egg. Even before the presumptive disc is clonally separate from the other parts of the segment, it consists of two clonally distinct populations of cells which grow through embryonic and larval life to form the anterior and posterior compartments of the leg, with borders in precise lateral/posterior and medial/posterior positions (Steiner, 1976) . In normal development, clones do not cross the borders, and will not do so even if the rest of the disc is growing much more slowly (although they may almost fill the compartment in which they arise and define its borders for a great distance).
If by studying the regeneration of patterns after amputation and grafts, we are studying the cell interactions by which patterns are first formed in the embryo and maintained (and perhaps elaborated) during growth, then the lineage restrictions found during intercalation in hemimetabolous insect legs are presumably equivalent to Drosophila compartment borders. However, it is intriguing that Drosophila compartment borders can be crossed during regeneration. A leg disc quadrant which is completely within the anterior compartment can regenerate a complete leg, including the posterior compartment (Schubiger, 1971) . A recent clonal analysis (Abbott et ai, 1981) of regeneration from this upper medial fragment and pattern duplication from the reciprocal fragment, indicates that growth occurs largely at one edge of the fragment and that the new structures are formed in a regular sequence. A compartment border in the original fragment is respected during pattern regulation, but clones initiated at the time of fragmentation can form anterior and posterior structures within the regenerate or duplicate. Subsequently a new compartment border is established within the new tissue, so that clones initiated later are anterior or posterior. Pattern regulation in disc fragments is believed to occur by intercalary regeneration (Haynie and Bryant, 1976) and it is not understood why the normal lineage restriction can initially be broken here, but apparently not in hemimetabolous insect legs.
Compartments were originally found (Garcia-Bellido et al, 1973) by clonal analysis, as lineage territories on the adult structure. They have since been interpreted as qualitatively different developmental units characterised by the on or off states of a small number of switch or "selector" genes (Garcia-Bellido, 1975) . Much of the evidence for this has come from the study of the engrailed mutation which appears to affect parts of only the posterior compartment of the wing and leg discs, causing some characteristic anterior structures to be formed (e.g., Lawrence and Morata, 1976) . Because the engrailed phenotype (expressed autonomously in engrailed clones) is a partial mirror-image, Crick and Lawrence (1975) suggested that the anterior and posterior compartments are separate mirror-imaged fields of positional information, normally interpreted differently because of the on (posterior) or off (anterior) state of the engrailed* gene. There are problems with this view of compartments and positional information in appendages (see Karlsson, 1980 ) particularly since, despite lineage discontinuities, wing discs (Haynie and Bryant, 1976) , engrailed wing discs (Karlsson, 1980) , leg discs (Schubiger, 1971 ) and hemimetabolous insect legs (French, 1978) Insect abdominal segments become visible at germ band stage. About this time the segments of the bug, Oncopeltus, become established as separate lineage compartments: Clones initiated later will not cross precise intersegmental borders which correspond to grooves in the transparent larval cuticle and shape changes in the underlying pigmented epidermal cells (Lawrence, 19736) . Abdominal segments grow considerably through larval life but there is no convincing evidence of further lineage restrictions. Numerous grafting experiments (reviewed in Lawrence, 1973a) have suggested that each abdominal segment contains a linear anterior-posterior sequence (a "gradient") of positional values with a discontinuity at each intersegmental border. Within the segment, intermediate values are regenerated at graft/ host borders, possibly by growth and intercalation (Niibler-Jung, 1977) , as in leg epidermis. Wright and Lawrence (1981a) have completely removed a segment border by burning or excision and find regeneration of the border, rather than formation of the broad zone of segment cuticle in reversed orientation (as would have been predicted from the repeating gradient hypothesis). Border regeneration is not provoked merely by the confrontation of epidermis of different segment type since, by preceding border removal by an inter-segmental graft, border can be regenerated between the host posterior segment 3 cells and grafted anterior segment 3 cells (Fig. 8A) . The results of confronting different anterior-posterior segment levels have been explored in a series of precise strip grafts, and Wright and Lawrence (1981a) find that an ectopic border forms at a confrontation between cells differing in segment level by more than half the segment length. Confrontation of less extreme positions results in the intercalary regeneration and polarity reversals predicted from the gradient hypothesis (see 
FIG. 8. Regeneration of the abdominal intersegmental border in
Oncopeltus, following grafts between wild type orange (stippled) and mutant white animals (after Wright and Lawrence, 1981a) . A. A large graft from segment III into segment IV is given one instar to heal and then a burn (shaded) is made, killing the border and extending into the graft. In the next instar, an intersegmental border is regenerated (RB), precisely between the posterior segment III and grafted anterior segment III cells. The opposite junction between graft and host is irregular and no border is formed. B. When strips are grafted to a different site in the anterior-posterior axis of segment III (shown by positional values 1-10), the result depends on the difference between positions of the cells confronted at the junctions. At the anterior edge of the graft shown, the confrontation (after some wounding at cut surfaces) is between cells from positions 9'A and 2*/4 (a difference of more than half a segment): an ectopic border (EB) is formed and bristle polarity is reversed. This is interpreted as intercalation of 10, 1 and 2. At the posterior edge of the graft, the confrontation after wounding) is between 1 Vi and dVr. no border forms but polarity is reversed. This is interpreted as intercalation of 2, 3, 4, 5 and 6. In a wide range of grafts, only confrontations involving differences of more than half a segment lead to intercalation of ectopic border. Fig. 8B ). These results show that the abdomen contains a segmentally-repeating continuous sequence of positional values and that intercalation between cells (from the same or different segments) with different positional values can occur via the border or the mid-segment, depending on which is the shortest route. Grafts between wild-type orange and mutant white Oncopeltus show that when an intersegmental border is regenerated it forms as a straight line precisely between the previously anterior and previously posterior cells (Wright and Lawrence, 19816) , as shown in Figure 8 ; a new lineage restriction can be formed within a compartment.
These experiments, together with the earlier work, show that each abdominal segment has a continuous sequence of positional values (1-10 in Fig. 8 ) within which intercalation occurs by the shortest route, just as a continuous sequence (1-12 in Fig. IB and C) runs around the insect leg. Within the abdominal segment sequence there is a lineage discontinuity; cells cannot intercalate across position 10, just as insect leg cells cannot intercalate across either position 5'.4 or position 1.
CONCLUSIONS
Developing insect legs grow and form cuticular patterns in accordance with positional information which appears to be specified within the epidermis in two dimensions, along polar co-ordinates . A continuous sequence of positional values runs around the circumference and an independent sequence runs proximal-distal down the leg (repeated in each leg segment, in the case of hemimetabolous insects). After grafting or amputation of larval legs, after fragmentation of mature imaginal discs, or after induced cell death in immature discs (Girton, 1981) , healing confronts cells with different positional values. This stimulates growth and intercalation of intermediate values (by the shortest route in the case of the circumferential sequence). It will lead to distal outgrowth from a complete circumference, and often to some distal outgrowth from a symmetrical part-circumference (Bryant et al., 1981) . These processes will regenerate missing structures {e.g., Fig. 2A ), duplicate structures already present (e.g., Figs. 2B, 3) , or produce branched supernumerary legs (e.g., Fig. 4) , depending on the situation. During intercalation cells cannot (or, in the case of imaginal discs, can only briefly) cross two particular positions, and this restriction divides the leg into two lineage compartments.
